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Abstract: Micromanipulation and biological, materials science, and medical applications often
require controlling or measuring the forces exerted on small objects. Based on the high linearity
and sensitivity of OAM beams in the sensing field, this article proposes for the first time to apply
OAM beams to force sensing. In this paper, a fiber optic force sensing technology based on the
intensity distribution change of orbital angular momentum (OAM) mode is proposed and realized.
This technique detects the magnitude of the external force applied to the fiber by exciting the
OAM mode with a topological charge 3, thereby tracking changes in light intensity caused by
mode coupling. Applying this technique to force measurement, we have experimentally verified
that when the sensor is subjected to a force in the range of 0mN to 10mN, the change in speckle
light intensity at the sensor output has a good linear relationship with the force. Meanwhile,
theoretical analysis and experimental results indicate that compared with previous force sensing
methods, this sensing technology has a simple structure, is easy to implement, has good stability,
and has practical application potential.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

With the current trend of miniaturization of devices, micro manipulation has attracted widespread
attention in recent years. In the micro world, reliable detection and control of contact forces
is necessary because contact forces are easily damaged objects [1]. In many fields, such as
micro systems [2], hydraulic sample testing [3], hydraulic fluid systems [4], hydraulic assembly
[5], medicine [6], and material science [7], high sensitivity micro force sensors are required.
For example, in medical cardiac catheterization, it is important to understand the contact force
between the catheter and the blood vessel wall, which helps to avoid damaging the patient’s
fine blood vessel network. Compared with other force sensors, fiber optic force sensors have
advantages such as high sensitivity, strong flexibility, light weight, compact structure, good
biocompatibility, and resistance to electromagnetic interference. In the past few years, various
fiber optic force sensors have been reported. For example, M. Krehel et al. achieved a sensing
sensitivity of 3/ N by changing the material of the optical fiber [8], X. Hu et al. achieved a
sensing sensitivity of 2.54/ N by adding micro perforations to the fiber [9], and C. Y. Shen et
al. achieved a sensing sensitivity of 0.1/ mN by using fiber Bragg gratings [10]. There are still
many practical design reports on the structure of force fiber optic sensing, such as linear stepped
graded index fibers [8], coiled [9], polarized birefringence [11], fiber Bragg gratings [12], Fabry
Perot [13], and distributed Bragg reflectors [14]. These force sensors mostly use Gaussian beam.
To improve its sensitivity, they have modified the fiber optic structure, so most of them have
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complex structures and high costs. To ensure that the sensitivity of force sensors using ordinary
straight fiber structures can reach the level of force sensors using complex fiber structures, OAM
beams are introduced into force fiber sensing.

Orbital angular momentum (OAM) beam is a kind of beam with a spiral phase front end, which
is generally used as eilϕ . Where l represents the topological charge number, φ is the azimuth angle.
This special phase structure leads to phase singularities and a doughnut like intensity distribution
of OAM beams. Because of its unique structure, OAM beam is widely used in optical tweezers
[15], nonlinear optics [16], quantum information processing [17], optical data storage [18] and
transmission [19] due to its unique optical field mode and wavefront characteristics, especially in
optical sensing [20–22]. For example, OAM beams have been used to measure object rotation
based on Doppler frequency shifts without requiring complex object image reconstruction, while
OAM based technologies extend a new optical degree of freedom perspective to detect lateral
motion in any direction. In addition, magnetic field measurements apply an OAM mode with
opposite propagation directions, which interferes with the formation of petal shaped images. An
optical fiber sensor based on OAM mode is proposed and implemented by tracking the rotation
angle of the spiral interference pattern generated by coaxial interference between OAM mode
and Gaussian beam, as well as tracking the intensity changes of the coherent superposition state
between the fundamental mode and OAM mode with a topological load of 1, to sense the external
parameters applied to the grating region.

OAM beams can be used in micro-force transducers as well. When an incoming beam is tilted
or obstructed, its OAM spectrum, which is the optical power in each of OAM states, can vary due
to extrinsic OAM properties that are associated with the variations in the beam’s center of gravity,
as well as the intrinsic OAM assets designated by the azimuthal phase factors. The phase-change
rate of each OAM mode would be proportional to its order, which indicates that a higher-order
OAM beam has a smaller phase-change spatial periodicity [23]. In addition, an OAM mode is
moderately stable in any homogeneous medium, which specifies that the amount of OAM of a
beam could be constant during propagation regardless of any beam diffraction [24]. Due to the
different propagation constants of each mode in the fiber, changes in the external environment can
cause coupling between adjacent modes, which will result in changes in the spatial distribution
of the output light field. Therefore, based on the above advantages of OAM beam, changes in
environmental parameters can be measured by directly detecting changes in the output speckle
image. This method is cheaper and more responsive than previous spectral detection.

Since the spatiotemporal characteristics of the speckle field are influenced by the light-guided
conditions, variations in the speckle map can be linked to the magnitude of the external stimulus
applied to the fiber [25]. Demodulation applications for speckle in fiber optic sensors have
been shown to assess the sensitivity of sensors to external physical variables, including micro-
displacement [26], vibration [27], temperature [28]. Practical applications in human-computer
interaction have also been reported, such as tactile arrays [29] and devices for assessing hand
movements [30], among others. Here, we propose a newly developed OAM beam fiber optic
force sensor that measures the changes in speckle under different forces to obtain its sensitivity.
Compared with the previous Gaussian beam, the speckle generated by OAM beam is more stable
and accurate, and easy to analyze.

This paper proposes a coupling effect between modes by tracking the modes of OAM beams
with a topological charge of 3. The spiral phase plate of a single optical route consists of a 16 cm
ring core fiber used to directly excite the OAM mode with a topological charge of 3. When there
is no external force, the two modes of OAM with a topological charge of 3 will not interfere with
each other. When there is an external force, the phenomenon of coupling between the two modes
will occur. As the force increases, the number of coupling modes increases. Here, we measure
the sensor’s ability by its resolution and sensitivity. The resolution here refers to the ability of
the meat sensor to detect the minimum change in input within the specified measurement range,
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while sensitivity refers to the ratio of the output change of the sensor to the input change under
steady-state operating conditions. The application of sensing technology in force measurement
shows that in the range of 0 mN to 10 mN, the sensitivity and resolution are 0.02 /mN and 1 mN,
respectively. At the same time, the linear fitting results show that there is a linear relationship
between the strength change and the force.

2. Theoretical analysis

An OAM beam exhibits annular light intensity and spiral phase. The intrinsic modes in the
fiber are classified into three categories, namely TE mode, TM mode and mixed mode (EH
mode or HE mode). In the process of fiber transmission, the TE and TM modes are linearly
polarized waves whose polarization directions are orthogonal to each other. EH and HE modes
are elliptically polarized waves. Equation (1) is the expression of an OAM beam formed by the
combination of mixed modes in the optical fiber eigenmode in an optical fiber [31,32]. Here l is
the angular modulus or time-topological charge, and n is the radial modulus.⎧⎪⎪⎨⎪⎪⎩

OAMl,n = HEeven
l+1,n ± iHEodd

l+1,n

OAMl,n = EHeven
l−1,n ± iEHodd

l−1,n

(1)

Specifically, The OAM mode is formed by superposition of homogeneous intrinsic odd-
even modes with phase difference π/2. The odd and even modes are the components of the
electromagnetic field in two perpendicular directions. In Eq. (1), HEeven and HEodd (EHeven and
EHodd) represents the even mode and odd mode of HE mode (or EH mode), respectively, and
indicate the topological charge of the OAM beam. This expression describes the transmission
state of OAM beam when the topological charge is greater than 1 in the fiber. In optical fibers,
the transmission constant difference between adjacent mode pairs is small, such as modes HE41
and EH21 covered in this article, and mode coupling is more likely to occur when external
perturbations are applied due to the smaller transmission constant between adjacent mode pairs
[33]. When two modes are coupled, their mode will change to LP mode, as follows⎧⎪⎪⎨⎪⎪⎩

LP3,1 = HEeven
4,1 ± iEHeven

2,1

LP3,1 = HEodd
4,1 ± iEHodd

2,1

(2)

The transmission constant is an important parameter for judging the coupling of the two modes,
and here we can obtain the conduction constant of the corresponding mode by deriving the
characteristic equations satisfied by the EH mode and the HE mode and solving them.

The derivation procedures of characteristic equation include the derivation of Helmholtz
equations and the concrete forms of the longitudinal components Ez and Hz of the electromagnetic
field. Then, the concrete form of Ez and Hz are substituted into Maxwell’s equation to obtain the
transverse components Er, Ee, Hr, He. Finally, the mode characteristic equation is obtained by
using the electromagnetic field Hθ and tangential continuous conditions on the interface.

Based on Maxwell’s equation, Helmholtz equation and boundary conditions, scalar Helmholtz
equation in cylindrical coordinate system can be obtained

∇2ψ −
n2

c2
∂2ψ

∂t2
= 0 (3)

where ψ represents the field component, c is the speed of light in a vacuum, and n is the refractive
index.
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Using Bessel function to express the field in an annular fiber, we have(4)⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
ψ1 = C1Im (wr) exp(imφ)exp{−i (ωt − βz)} r<r2

ψ2 = {C2Jm (ur) + C3Ym (ur)} exp(imφ)exp{−i (ωt − βz)} r2<r<r1

ψ3 = C4Km (wr) exp(imφ)exp{−i (ωt − βz)} r1<r

(4)

The normalized radial phase constant u and the normalized attenuation constant w of the
guided wave satisfy ⎧⎪⎪⎨⎪⎪⎩

u2 = (n2
2k2 − β2) · v2

n2
1−n2

2

w2 = (β2 − n2
1k2) · v2

n2
1−n2

2

(5)

v is the normalized frequency, C1, C2, C3 and C4 are arbitrary constants. Y is the second type of
Bezier function, I is the first type of virtual Bezier function, r2 is the inner diameter of the ring
core and r1 is the outer diameter of the ring core. Based on continuous boundary conditions,
Eqs. (2)–(4), the considered constant can be written as⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

C2 =
wI′m(wr1)Ym(ur1)−uIm(wr1)Y′

m(ur1)
uIm(wr1)J′m(ur1)−wIm(wr1)Jm(ur1)

C1 =
C2Jm(ur1)+C3Ym(ur1)

Im(wr1)

C4 =
C2Jm(ur2)+C3Ym(ur2)

Km(wr2)

(6)

To solve the above equations, write Eq. (5) in a matrix form and solve for zero determinant of
the matrix, in this case, we arrive at the following characteristic equation

[wIm(wr1)Jm(ur1) − uIm(wr1)J ′m(ur1)] · [wKm(wr2)Ym(ur2) − uKm(wr2)Y ′
m(ur1)]−

[wIm(wr1)Ym(ur1) − uIm(wr1)Ym(ur1)] · [wKm(wr2)Jm(ur2) − uKm(wr2)J ′m(ur1)] = 0
(7)

The partial derivatives of Bessel function in the characteristic equation read⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

J ′v(x) = 1
2 [Jv−1(x) − Jv+1(x)]

I ′v(x) = 1
2 [Iv−1(x) + Iv+1(x)]

Y ′
v(x) = 1

2 [Yv−1(x) − Yv+1(x)]

K ′
v(x) = − 1

2 [Kv−1(x) − Kv+1(x)]

(8)

From Eq. (6) we can easily get the transfer constants corresponding to the corresponding mode.
Here, HE41 takes 4 for m, and EH21 takes 2 for m. We calculate the transmission constants of the
two respectively to provide parameters for the design of the subsequent micro-bending deformer.

The application history of fiber optic micro bending sensors as a strength modulated fiber
optic sensor can be traced back to the research on fiber optic sensor systems conducted by the US
Naval Research Institute in 1977. When the micro-bending sensor is perturbed, the amount of
bending of the sensitive optical fiber changes, and the optical fiber generates inter-mode coupling,
and part of the energy is coupled from the core mode to the cladding mode, resulting in the core
transmission energy loss. By establishing the relationship between external disturbance and
optical power loss, the optical fiber micro bending sensor measures the change of output optical
power at the optical detector end, to calculate the size of the external disturbance [34]. As shown
in Fig. 1, the deformer used here is composed of a pair of toothed plates with a mechanical period
of Λ, and the sensitive optical fiber passes through the middle of the toothed shape, resulting in
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periodic bending under the action of the toothed plate. When the toothed plate is subjected to
external force, the degree of micro bending of the optical fiber changes, resulting in the change of
output optical power, and the magnitude of the external force is indirectly measured by measuring
the change of output optical power, to realize the function of micro-bending sensor.

Fig. 1. Micro-bending deformer structure.

For two adjacent modes the propagation constant difference ∆β is given by

δβc = βc+1 − βc (9)

where c is the ordinal of the modulus.
The realization of force micro bending allows the internal mode to be quickly coupled to

achieve the resonant condition of the loss peak, and the pitch period needs to meet the following
conditions

δβc = 2π/Λc (10)

The change in light transmission intensity through the micro bend sensor ∆I can be written
[35]

∆I =
(︃
∆I
∆X

)︃
∆F(kf +

AsYs

ls
)−1 (11)

where kf is the mechanical constant of the curved fiber, As is the cross-sectional area of the fiber,
Ys is the Young’s modulus of the fiber, and ls is the length of the deformer. ∆F is the change in
force, the deformation of the fiber becomes X, and its corresponding change is ∆X.

kf is the effective spring constant of the fiber sandwiched between the deformers

k−1
f =

Λ3
c

3πYd4η
(12)

where Y is Young’s modulus, d is the fiber diameter and η is the number of bends.
Among the above types ∆T/∆X is the sensitivity coefficient, and its value is closely related

to the mechanical period Λc of the deformer. The sensor makes mode superposition coupling
through external force, and the energy exchange generated during mode coupling leads to light
energy loss. This loss is reflected in the variation of output light intensity. From Eq. (10), the
change in external forces is directly proportional to the change in light intensity. Based on the
OAM beam, when the OAM beam is subjected to external forces, the speckle caused by mode
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coupling becomes more stable and accurate, which has a more accurate and beneficial effect on
subsequent speckle analysis. Here, we quantify the change in light intensity by changing the
correlation coefficient to construct the relationship between light intensity and force. This is the
principle of the force fiber optic sensor designed in this article. To further verify its feasibility,
relevant experimental analysis was conducted next.

3. Details of the fiber optic force sensor microforce experiment

3.1. Construction and working principle

Fiber force sensing is divided into two processes: the first process is the modulation process of
light waves by external forces, that is, external forces can change the transmission constant of the
mode of optical fiber waves, causing adjacent modes to couple and thereby changing the output
light intensity; The second process is the demodulation process, that is, detecting the modulated
light wave signal and extracting the mechanical information acting on the sensor.

The most used optical fiber micro-force bending sensor principal diagram is shown in Fig. 1,
the micro-bending structure in the figure is composed of a pair of toothed plates, the optical
fiber passes through the middle of the toothed plate, and when a force is applied on the upper
toothed plate, the optical fiber will be squeezed to produce periodic bending. In the test, a
micro-force platform is applied to the moving toothed plate to generate a change in force. In order
to ensure the accuracy of the experimental data, the toothed plate is selected with high-strength
and low-elasticity materials, and when conditions permit, the optical fiber is pasted on the
high-strength, low-elastic optical fiber reinforcement material, and the bending degree of the
optical fiber is adjusted through the optical fiber reinforcement material, thereby changing its
response sensitivity to external stress, and at the same time can effectively protect the optical
fiber and extend its service life.

The experimental system device is shown in the figure, the laser emits a 1550 nm laser through
the focusing lens coupled into the optical fiber, and then the optical fiber passes through the
micro-force bending deformer, and the laser spot at the output end of the optical fiber is received
with CCD, and finally the spot image is transmitted to the PC for observation, acquisition and
storage. Figure 2 is schematic diagrams of OAM force fiber optic sensors, respectively. The
sensing fiber of the OAM beam is a ring core fiber, and the fiber length is 16 cm. The ring core
has a refractive index of 1.7, the cladding has a refractive index of 1.444, and the material is
silica. The inner diameter is 3.5 microns, and the outer diameter is 5 microns. The topological
charge of the OAM beam is 3 and the pitch is 1 mm.

Fig. 2. OAM beam experimental setup.

3.2. Speckle analysis

By introducing an OAM beam into the ring core optical fiber for force sensing test, the response
effect of the sensor is obtained by analyzing the change of the correlation coefficient of the



Research Article Vol. 14, No. 8 / 1 Aug 2023 / Biomedical Optics Express 3930

speckle map obtained during the time-varying force, and the sensitivity of the sensor is obtained
by fitting the change curve of force and correlation coefficient.

Our use of emerging speckle analysis sensing technology has many advantages for traditional
sensors, they do not need to rely on expensive spectrometers for analysis, only need to use a
lightweight camera, low cost, easy to carry, etc. The Pearson coefficient C is directly applied for
correlation analysis and characterization, which simplifies the technical means of decoupling
sensing information and shows very reliable advantageous results.

In terms of mathematical econometric relationships, the correlation function C is a common
statistical ruler used to measure the correlation and independence of a series of variables, and
explains the statistical relationship between multiple sets of values. The normalized covariance
correlation function we use, also known as the “Pearson coefficient”, can be used to measure
the linear relationship between two sets of variables [36]. When two images have exactly the
same features, the correlation function value between them is 1. If the two images are completely
inconsistent, the correlation function value is 0. Therefore, when the external environmental
conditions change, the speckle will also change, and the correlation function value between the
target speckle and the reference speckle will be less than 1 and become smaller with the increase
of the difference. Through such a relationship, we can quantitatively measure the changing
factors of the sensing scene.

To further reduce the error and improve the accuracy, in our experiments, for each changing
environmental condition, 10 speckle maps are sampled simultaneously at a certain frequency for
averaging. For each sampled target speckle, the correlation coefficient is calculated one by one
by the target speckle and each reference speckle map and then averaged to obtain more accurate
results. For 10 target images acquired at time t under the condition, the value of the correlation
coefficient under this condition is averaged by averaging the 100 correlation coefficients ∆C
calculated one by one with 10 reference speckles. Through such sampling and calculation
methods, the systematic error caused by data fluctuation can be appropriately reduced.

In the speckle correlation analysis method, the predefined correlation function is a function
that evaluates the degree of match between the reference image and the sample image. Different
correlation functions may correspond to different calculation accuracy and convergence speed,
which will affect the calculation speed and accuracy of the sensor response to a certain extent.
At present, there are more than ten forms of correlation functions mentioned in the literature.
Generally, it is more common to normalize the covariance correlation function [28]

C =
∑︁N

k=1
∑︁M

l=1[IR(k, l, t0) − ĪR(t0)][I0(k, l, t) − Ī0(t)]√︂
{
∑︁N

k=1
∑︁M

l=1 [IR(k, l, t0) − ĪR(t0)]
2
} ∗ {

∑︁N
k=1

∑︁M
l=1 [I0(k, l, t) − Ī0(t)]

2
}

(13)

where IR(k, l, t0) and I(k, l, t) are the light intensity of the reference speckle and the target speckle
collected at the pixel (k, l) at the t0 and t moments, respectively, (t0 is the initial moment, t is the
target speckle sampling time after the condition changes). ĪR(t0) and Ī(t) are the light intensity
averages of the speckle map, respectively.

Here, to quantify the change in light intensity caused by force, the amount of change in the
correlation coefficient is equivalent to the change in light intensity.

∆I = ∆C = 1 − C (14)

When multiple optical modes are transmitted in the fiber, the transmission conditions of the
modes are changed due to the influence of the environment, resulting in crosstalk conversion
and composition changes before the modes are compared to each other. Different modes of light
field distribution are different, and the spot morphology is also different. The process of mode
conversion also makes the change of light field strength manifest as the change of output speckle.

It is represented by the light intensity value recorded by each pixel. The idea of the design here
is to use the change of laser speckle to analyze the above degree of change through correlation
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technology. According to the expression of Eq. (13), by comparing the speckle pattern recorded
at different times with the initial recorded pattern, we can obtain the correlation coefficient C,
and by analyzing the change law of C, we can reverse the state of the environmental variables at
that time.

3.3. Experiment details

To characterize the relationship between force and the amount of change in correlation coefficient,
here we obtain the sensitivity of this fiber optic sensor by linearly fitting between the force and its
correlation coefficient.

Here, data is collected every 2 mN between 0 mN and 10 mN. The obtained set of speckle
results is shown in Fig. 3.

Here, the experimental speckle map is converted into matrix form by MATLAB, and the
correlation coefficient is calculated according to the Eq. (13), By comparing the speckle patterns
recorded at different times with the initial recorded patterns, we can obtain the correlation
coefficient C, and by analyzing the change law of C, we can deduce the state of the environmental
variables at that time. To further reduce the error and improve the accuracy, in our experiments,
for each changing environmental condition, 10 speckle maps are sampled simultaneously at a
certain frequency for averaging. For each sampled target speckle, the correlation coefficient is
calculated one by one by the target speckle and each reference speckle map and then averaged to
obtain more accurate results. For 10 target images acquired at time t under the condition, the value
of the correlation coefficient under this condition is averaged by averaging the 100 correlation
coefficients ∆C calculated one by one with 10 reference speckles. Through such sampling and
calculation methods, the systematic error caused by data fluctuation can be appropriately reduced.

Here we calculate the change ∆C of the above correlation coefficient and perform linear fitting
on it. The fitting curve is shown in Fig. 4.

We calculated the correlation coefficient for speckle C, corresponding to the correlation
coefficient of 0 to 10 mN. To quantify the force information, it is characterized by calculating the
change in the correlation coefficient, ∆C. Then, the sensitivity of the sensor can be obtained by
fitting the curve of the relevant point to calculate the slope. The curve in Fig. 4 characterizes the
approximate linear positive correlation between the force change and the correlation coefficient
change in the ring core fiber, the red line is the data fitting curve for OAM beam sensing, the
sensitivity is about 0.02 /mN.

Here, to verify the stability and effectiveness of our designed sensor in practical applications,
we conducted the following sensing experiments on the sensor to obtain the sensing effect of the
sensor designed in this article on the sensor’s changing force and time resolution. The OAM
beam with a topological charge of 3 enters the ring core fiber for sensing, and the applied force
exhibits a sine time function between 0 mN and 10 mN.

We apply a time-varying force of F = 10|sin(πt/18)|, record a speckle map from 0 to 18
seconds in CCD, apply a time-varying force of F = 10|sin(πt/12)|, record a speckle map from 0
to 12 seconds in CCD and apply a time-varying force of F = 10|sin(πt/8)|, record a speckle map
from 0 to 8 seconds in CCD. We collect images once a second and input them into MATLAB to
obtain their grayscale matrix. Compare each image with the initial image, calculate its correlation
coefficient, and obtain the change in correlation coefficient. Then we analyze the linear change of
speckle light intensity of this sensor under the action of sinusoidal force. The result graph is
shown as

We tested the force sensing element with loads of different frequencies. As an example, the
force response of sensors at three different frequencies is presented, and the graphs show the
process of compression loading and unloading of the optical fiber. The solid line in Fig. 5
represents the load curve of a sinusoidal force of F = 10|sin(πt/8)|, the dashed line represents
the load curve of a sinusoidal force of F = 10|sin(πt/12)|, and the dotted line represents the
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Fig. 3. Experimental results of OAM force sensing speckle. (a) is the speckle scattering
obtained when the fiber is subjected to a force of 0 mN. (b) is the speckle scattering obtained
when the fiber is subjected to a force of 2 mN. (c) is the speckle scattering obtained when
the fiber is subjected to a force of 4 mN. (d) is the speckle scattering obtained when the
fiber is subjected to a force of 6 mN. (e) is the speckle scattering obtained when the fiber is
subjected to a force of 8 mN. (f) is the speckle scattering obtained when the fiber is subjected
to a force of 10 mN).

Fig. 4. The fitting curve of the mean of the correlation coefficient change and the error bar
of the experimental data.

load curve of a sinusoidal force of F = 10|sin(πt/18)|. In Fig. 5, the pentagram point is the data
point calculated under the action of sine force F = 10|sin(πt/8)|, the circular point is the data
point calculated under the action of sine force F = 10|sin(πt/12)|, and the quadrilateral point
is the data point calculated under the action of sine force F = 10|sin(πt/18)|. There is a good
correlation between the variation value of the calculated correlation coefficient (represented by
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dots) and the applied force (line). Under the compression and decompression training of optical
fibers, the calculated correlation coefficient changes exhibit a linear response within the test load
range without significant lag, thus providing reliable force readings that are crucial for sensor
performance. Please note that in all force measurements discussed here, the temperature of
the surrounding environment of the sensor is kept constant to avoid the additional impact of
temperature on resonant displacement.

Fig. 5. The response of the sensor under the action of sinusoidal force load. The solid line
represents the load curve of a sinusoidal force of F = 10|sin(πt/8)|, the dashed line represents
the load curve of a sinusoidal force of F = 10|sin(πt/12)|, and the dotted line represents the
load curve of a sinusoidal force of F = 10|sin(πt/18)|. the pentagram point is the data point
calculated under the action of sine force F = 10|sin(πt/8)|, the circular point is the data point
calculated under the action of sine force F = 10|sin(πt/12)|, and the quadrilateral point is
the data point calculated under the action of sine force F = 10|sin(πt/18)|.The coincidence
of the two indicates that there is a good linear relationship between the force and the light
intensity, and the degree of response to the force is high.

4. Conclusion

In this paper, a fiber optic force sensing concept based on OAM beam is proposed, which is
characterized by measuring the micro-force bending of the ring-core fiber entering the OAM
beam with a micro bending deformer. In the fiber with a length of 16 cm, the fibers present
different spot patterns by slight force bending, because the spot pattern presented by OAM in
external perturbations is very stable, so the magnitude of the force can be characterized by direct
analysis of the light intensity change of the speckle map, which is a simpler and more efficient
demodulation method. After analyzing the speckle map, the minimum change in input quantity
that the sensor can detect is 10−3N, and the sensitivity reaches 0.02 /mN after analyzing the
speckle map. Compared with other complex structures to achieve high sensitivity force sensors,
the OAM fiber optic force sensor proposed in this paper only changes the beam type but achieves
the same or even higher sensitivity as other force sensors with complex structure, which has
certain reference significance for the subsequent research of high sensitivity force sensors.
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